Previous work has shown that prostate cancer in a Pten-null murine model is dependent on the p110␤ isoform of phosphatidylinositol 3-kinase (PI3K), while breast cancer driven by either polyoma middle T antigen (MT) or HER2 is p110␣ dependent. Whether these differences in isoform dependence arise from tissue specificity or from the nature of the oncogenic signal activating the PI3K pathway is important, given increasing interest in using isoform-specific PI3K inhibitors in cancer therapy. To approach this question, we studied the PI3K isoform dependence of our recently constructed prostate cancer model driven by MT. Since MT activates a number of signaling pathways, we first confirmed that the MT-driven prostate cancer model was actually dependent on PI3K. A newly generated transgenic prostate line expressing an MT allele (Y315F) known to be defective for PI3K binding displayed a markedly reduced ability to drive tumor formation. We next selectively ablated expression of either p110␣ or p110␤ in mice in which wild-type MT was expressed in the prostate. We found that tumor formation driven by MT was significantly delayed by the loss of p110␣ expression, while ablation of p110␤ had no effect. Since the tumor formation driven by MT is p110␣ dependent in the prostate as well as in the mammary gland, our data suggest that PI3K isoform dependence is driven by the mode of PI3K pathway activation rather than by tissue type.
D espite significant progress, prostate cancer remains the second leading cause of cancer-related mortality in men, and identifying treatable targets of the disease is a major focus in many research laboratories. The phosphatidylinositol 3-kinase (PI3K) pathway has been recognized as a potentially valuable target in treating a broad set of human cancers and is known to be activated in prostate cancer. The class IA PI3Ks are key components of growth factor signaling pathways regulating cell proliferation, survival, and death. Class IA PI3Ks are heterodimeric lipid kinases composed of a p85 regulatory subunit and a p110 catalytic subunit. PI3K is activated in a number of manners: in response to growth factor stimulation and oncogenic activation of receptor tyrosine kinases (RTKs) or activation of G-protein-coupled receptors (GPCRs). It is also activated by oncogenes, such as Ras and polyoma middle T antigen (MT) (1) (2) (3) . Upon activation, PI3K is recruited to the membrane, where the p110 catalytic subunit of PI3K then catalyzes the phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to form phosphatidylinositol 3,4,5triphosphate (PIP 3 ), subsequently activating multiple downstream signaling pathways. There are three highly homologous p110 catalytic isoforms (p110␣, p110␤, p110␦) encoded by three distinct genes, Pik3ca, Pik3cb, and Pik3cd, respectively, with p110␣ and p110␤ being ubiquitously expressed (1, 2, 4) . The lipid phosphatase PTEN, a tumor suppressor highly relevant for prostate cancer in humans, opposes PI3K activity by converting PIP 3 back to PIP 2 (5) . Previous work from our laboratory showed that knockout of p110␤ in a PTEN-null model of prostate cancer blocks transformation in the anterior lobe of the prostate, while ablation of both p110␣ and p110␤ expression is required to block transformation in the remaining lobes (6, 7) . We also reported that the loss of p110␣ expression rescues mammary cells from the transformation induced by the activated receptor tyrosine kinase HER2 or polyomavirus MT (8) .
To investigate whether these differences in isoform dependence are linked to a specific tissue type or to the nature of the signal that is activating the PI3K pathway-Pten loss in one and oncogene expression in the other-we decided to compare the same oncogene in different tissue backgrounds. Polyomavirus uses MT to induce tumors in a wide variety of tissues (3, 9) . As noted earlier, MT tumorigenesis in the breast requires p110␣. We have recently reported a prostate cancer model driven by wildtype MT (10) . Here we demonstrate the pivotal role of the PI3K pathway by showing that the loss of PI3K signaling causes significantly delayed tumor growth. Next, we ablated expression of either p110␣ or p110␤ in mice expressing wild-type MT in the prostate. We found that in all lobes tumor formation driven by MT was significantly delayed by the loss of p110␣ expression, while ablation of p110␤ had no effect. Since tumor formation by polyomavirus MT is p110␣ dependent in the prostate as well as in the mammary gland, our data suggest that PI3K isoform dependence may be driven by the mode of PI3K pathway activation rather than by tissue type.
MATERIALS AND METHODS
Animal models. (ARR)2PB-Cre (11), (ARR)2PB-MT (10), p110␣ L/L (LoxP/LoxP) (12) , and p110␤ L/L (LoxP/LoxP) (7) mice were all maintained in a pure FVB/N background. These mouse strains were intercrossed to generate (ARR)2PB-MT/Cre, (ARR)2PB-MT/p110␣ L/L , (ARR)2PB-MT/Cre/p110␣ L/L , (ARR)2PB-MT/p110␤ L/L , and (ARR)2PB-MT/Cre/p110␤ L/L mice. All animals were housed, treated, and sacrificed in accordance with protocols approved by the Institutional Animal Care and Use Committees of the Dana-Farber Cancer Institute and Harvard Medical School.
Prostate dissection and wet weight measurement. The ventral prostate (VP) and dorsolateral prostate (DLP) glands were dissected according to standard procedures. For wet weight measurement, the tissue was immediately weighed using a high-precision lab balance. Shown are mean values and standard errors of the means for at least 5 mice per genotype.
Biochemical analyses. Prostate tissue was flash frozen in liquid nitrogen before being lysed for biochemical analyses in 1% Nonidet P-40 lysis buffer containing a protease inhibitor cocktail (Roche). After centrifugation, cleared lysates were separated on SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Western blot assays were performed with primary antibodies against MT (13), phospho-Akt S473 (p-Akt S473 ), phospho-Akt T308 (p-Akt T308 ), Akt, p110␣, and p110␤ (all from Cell Signaling Technology). Shown are the results for representative samples, and quantitations show the mean values and standard errors of the means from 3 to 6 independent experiments. For immunoprecipitations (IPs), prostate whole-tissue lysates containing 1 mg total protein were incubated with 10 g MT antibody (rat monoclonal antibody ab15085) overnight, and protein A/G Sepharose (30 l 50% bead slurry; Santa Cruz) was added for 2 h. The beads were then collected by centrifugation, followed by three washes with lysis buffer. The resulting immunoprecipitates were either subjected to Western blot analysis or used in a lipid kinase assay.
Lipid kinase assay. Lipid kinase assays were performed as previously described (8) . Briefly, MT immunoprecipitates of freshly prepared cell lysates were subjected to an in vitro kinase assay using phosphatidylinositol (PI; Avanti Polar Lipids) as the substrate. The phosphorylated lipids were resolved by thin-layer chromatography (TLC) overnight. TLC plates were then exposed on a phosphor storage screen (Molecular Dynamics), which was scanned at different exposure time points, using a Storm imaging machine, to make sure that the signals were quantified within the linear range. The radioactive product of the reaction, phosphatidylinosi-tol 3-phosphate (PIP), was quantified by ImageQuant software. In parallel, half of the same immunoprecipitates were visualized by Western blotting to ensure equal pulldown of MT. For kinase assay quantifications, the PIP signal was normalized to the immunoprecipitation efficiency (IP signal/input signal quantified with an Odyssey machine [LI-COR]). Shown are the results for representative samples; quantification plots show the mean values with standard errors of the mean for samples collected from 3 to 6 different mice.
Immunohistochemical analysis. The individual prostate lobes of (ARR)2PB-MT/Cre, (ARR)2PB-MT/Cre/p110␣ L/L , and (ARR)2PB-MT/ Cre/p110␤ L/L animals were isolated and fixed in 10% buffered formalin. Sections were stained according to a routine protocol. In brief, sections were dewaxed and rehydrated, followed by antigen retrieval by boiling in citrate buffer. Antibodies were added overnight before detection of a positive signal by diaminobenzidine (Sigma). Sections were then counterstained with Mayer's hematoxylin. 
RESULTS
The PI3K binding site on MT is essential for efficient transformation in a polyomavirus MT-driven prostate cancer model. Previous work from our laboratories showed that prostate-specific expression of polyomavirus MT in the mouse leads to prostate intraepithelial neoplasia (PIN) in the dorsolateral prostate (DLP) and ventral prostate (VP) lobes. This phenotype can be observed in animals as young as 8 weeks of age and progresses throughout the animal's lifetime, ultimately leading to invasion (10) .
The connection of MT to PI3K is known to be important for most, but not all, polyomavirus-induced tumors (14) . To investi-gate whether polyomavirus MT-induced transformation is dependent on the PI3K pathway, we generated a new transgenic mouse model expressing an MT allele defective for binding of the p85 regulatory subunit of PI3K by virtue of mutation of the tyrosine at residue 315 in MT to phenylalanine [(ARR)2PB-MTY315F]. This mutation blocks binding of the SH2 domain of the p85 adaptor subunit of PI3K to MT, thus substantially reducing the downstream activation of the pathway. In this model, the mutant MT is still capable of activating the mitogen-activated protein kinase and phospholipase C␥ (PLC␥)/protein kinase C pathways (15, 16) . We confirmed that animals expressing wildtype polyomavirus MT showed PIN at an early age and that it progressed to severe PIN over time (Fig. 1A, middle and right columns). Mutation of the polyomavirus MT tyrosine residue responsible for activating the PI3K pathway (Y315) significantly delayed the development of PIN (Fig. 1A, bottom row) . However, as was true for a similar polyomavirus MT mutant expressed in breast (17) , at the endpoint of this study at 56 weeks, (ARR)2PB-MTY315F animals still showed PIN lesions in the DLP.
Simple measurements of tissue weight supported the interpretation of the histology. Analyses of the wet weight of VP/DLP tissue isolated from (ARR)2PB-MT as well as (ARR)2PB-MTY315F animals show significant weight gain due to PIN in the (ARR)2PB-MT animals as early as 18 weeks of age, at which time tumor growth in (ARR)2PB-MTY315F animals was minimal. However, the tumors in (ARR)2PB-MTY315F animals showed significant growth, as measured by an increased DLP/VP weight at later times (Fig. 1B) .
MT Y315F should be defective in association with PI3K and in activating the PI3K pathway. To confirm that mutation of the p85 binding site on MT did in fact inhibit PI3K binding in vivo, we performed lipid kinase assays on MT immunoprecipitates using DLP/VP tissue lysates of either (ARR)2PB-MT or (ARR)2PB-MTY315F animal origin. As expected, we found a dramatically reduced ability to generate PIP from the provided substrate PI ( Fig. 2A) as well as decreased downstream activation, as measured from the p-Akt abundance (Fig. 2B ) at 30 to 34 weeks, a time when MT expression results in significant PIN, as shown in Fig. 1A . That there is residual activity bound to the Y315F mutant is not surprising, as it has been reported before (16) .
The cell growth seen at later times in the Y315F mutant mice is reminiscent of that seen previously in breast cancer models (17), where all mice eventually develop tumors, albeit over a much longer time period. Whether the growth observed at later times is a result of a separate pathway or the leakiness of the mutant resulting in slow, but PI3K-dependent, growth is not immediately clear. Immunohistochemical analyses of tissue sections of wild-type polyomavirus MT showed strong PI3K pathway activation, as measured by the p-Akt signal and a high proliferation index, as measured by the detection of Ki67-positive nuclei (Fig. 2C) . In contrast, in the sections from (ARR)2PB-MTY315F animals, both p-Akt activation and Ki67 staining were limited (Fig. 2C) . However, the phospho-MEK (p-MEK) signal was quite strong, suggesting activation of the Ras pathway. Notably, a similar pattern of strong activation of the Ras pathway has been seen in Y315F mutant MT-expressing cells in tissue culture in vitro (16) . Ablation of PI3K catalytic subunit p110␣ delays MT-driven transformation in the prostate, while ablation of p110␤ has no effect. We previously reported that the PTEN model of prostate cancer (18) is strongly dependent on the p110␤ catalytic subunit of PI3K (7) , while p110␣ expression is essential to a polyomavirus MT-driven breast cancer model (8) . Here, we aimed to determine whether these differences in isoform dependencies result from tissue-specific signaling differences or from the nature of the oncogenic insult causing PI3K activation. To do this, expression of either the p110␣ or p110␤ catalytic isoform was individually ablated in our MT-driven prostate cancer model. Loss of p110␤ expression in the (ARR)2PB-MT/Cre/p110␤ L/L animals had no noticeable effect on PIN formation, whether judged by histology or by the weight of the relevant prostate lobes (Fig. 3A and B) . MT-driven PIN was strongly dependent on p110␣ (Fig. 3A and B) . Notably, this result is similar to our data from the MT-induced mammary tumor model (8) . (ARR)2PB-MT/Cre/p110␣ L/L animals showed very few PIN lesions at 28 weeks of age (Fig. 3A, arrowheads; note the presence of normal epithelium, marked with arrows), at which point (ARR)2PB-MT/Cre animals carried a significant tumor burden. Analysis of the tissue at this time showed decreased PI3K activity associated with MT in the (ARR)2PB-MT/ Cre/p110␣ L/L animals compared to that in the (ARR)2PB-MT/ Cre/p110␤ L/L animals (Fig. 4A ). This is consistent with the fact that p110␤ has a weaker kinase activity than p110␣ (8, 19) . As would be expected from the PI3K assay results, there was also much lower Akt activation in the (ARR)2PB-MT/Cre/p110␣ L/L animals ( Fig. 4B and C) .
PIN lesions did eventually develop in (ARR)2PB-MT/Cre/ p110␣ L/L animals (56 weeks; Fig. 5A ). As shown in Fig. 5B , the lesions stained positive for both p-Akt and Ki67. These lesions were qualitatively different from those arising from the MT Y315F animals. The MT Y315F animals showed no elevation of PI3K activity associated with MT or activation of Akt over a 44-week course (Fig. 5C ). By comparison, extracts from (ARR)2PB-MT/ Cre/p110␣ L/L animals showed increasing levels of PI3K activity and Akt activation (Fig. 5D ). We hypothesized that the Cre recombination was incomplete in these animals. PCRs of tumor DNA from the older tumors revealed that p110␣ was incompletely deleted (Fig. 5E ). The presence of late-arising p-Akt-positive cells can therefore be explained by Cre-recombinase mosaicism.
DISCUSSION
It is now abundantly clear that different tumors may depend on different class 1A PI3K species. HER2-or MT-positive breast tumors are driven by p110␣ (8) . Prostate tumors that are PTEN deficient show dependence on p110␤ (7, 20) . T cell acute lymphoblastic leukemia driven by Pten loss depends on p110␦ and p110␥ (21) . Therapy targeted toward the isoform relevant to a particular tumor should limit toxicity and present a broader therapeutic window. A key question is whether isoform dependence arises from the particular tissue background or whether it arises from the initiating oncogenic event. To address this question, we have generated two new animal models of MT-driven prostate cancer.
Our results now allow us to compare the effect of the same oncogenic driver, polyomavirus MT, in two different tissue backgrounds, namely, breast and prostate tissue.
First, it was first necessary to show that PI3K activity was indeed critical for MT transformation of prostate tissue, as the connection of MT to PI3K is known to be important for many, but not all, polyomavirus-induced tumors (14) . Thymic tumors, for example, do not seem to be affected by an MT mutation that blocks PI3K activation. However, we showed here that MT Y315F was clearly defective in inducing prostate tumor formation. Ultimately, tumors did arise, just as has been shown previously in an MT-driven breast cancer model (17) .
Having established the importance of the PI3K pathway for MT-driven prostate tumorigenesis, we subsequently tested the contribution of the individual p110 isoforms and observed that tumor formation depends strongly on p110␣. This is consistent with prior data on MT-driven breast tissue transformation (8) . The mechanism underpinning this isoform dependence may be similar to the model proposed by Utermark and colleagues (8) . MT provides a relatively small number of pYMPM motifs required to bind and activate p85/p110 complexes, both because it is expressed at a lower level than most receptors and because only roughly 10% of MT molecules bind Src-family kinases and thus become tyrosine phosphorylated. p85 binds both p110␣ and p110␤ equally well, with the ratio of the two enzymes present on the receptor being determined largely by their relative levels of expression in a given cell type or tissue. In most cases the two enzymes have been found to be expressed at roughly comparable levels, i.e., with the major isoform making up no more than 70% of the total. Since p110␣ is roughly 5-to 10-fold more active on a per molecule basis, it almost always makes up the major component of signaling for the oncogene/receptor, even if p110␤ is expressed at slightly higher levels. Thus, according to this model, in most cases ablation of p110␣ will have a strong effect on PI3K pathway activation and consequent cell growth and metabolism. Impairing PI3K pathway activation by mutating the PI3K binding site on MT (Y315) dramatically slows tumor formation but does not completely prevent it in either the breast or prostate. The same is true if we ablate the expression of p110␣, the isoform responsible for carrying the majority of the PI3K signal stimulated by MT expression. Interestingly, the mechanism by which the tumors eventually grow is different in the two cases. In the Y315F mutant tumors, PI3K signaling is not elevated after a long latency. We presume that in this case tumors are driven by alternate pathways stimulated by MT. Thus, signaling via MT's interaction with SHC or PLC␥1 would seem to be a likely explanation. In the case of p110␣ deletion, it appears likely that the tumor formation at later times is driven by a presumably small original fraction of cells that express MT but have not completely lost expression of p110␣, so PI3K and Akt are activated (Fig. 5E ).
Our studies have used the ability of MT to drive tumorigenesis in many tissues to ask a fundamental question: is p110 isoform utilization in tumors dependent on the tissue of origin of the tumor or on the oncogenic lesions driving tumor formation? The answer is clear-cut for MT: tumorigenesis is dependent on p110␣ in two quite distinct tissues, breast and prostate, even though PTEN-driven tumors in the prostate (7) , breast (22) , and ovary (23) are dependent on p110␤. The clear conclusion is that the oncogene/oncogenic event and not the tissue background determines the isoform specificity. We note that our genetic studies primarily address the initiation of tumors and cannot fully predict the reliance of established tumors on PI3K isoforms. Future studies with isoform-specific inhibitors will be required to address this question.
